CD1d-restricted natural killer (NK) T cells reactive with the glycolipid ␣-galactosylceramide (␣-GalCer) are a distinct lymphocyte sublineage. They express an invariant V␣14-J␣18 T cell receptor (TcR), but the role of the ␤ chain has been controversial. Here, we have used CD1d tetramers to identify and isolate NK T cells based on their antigen specificity. In mice lacking germline V␤8, most of the ␣-GalCer-reactive T cells express either V␤2 or V␤7, strong V␤ selection being revealed by the lack of an increase in other V␤ regions. By contrast to the selection for complementarity determining region (CDR) 3␤ sequences in some anti-peptide responses, ␣-GalCer-reactive T cells have polyclonal CDR3␤ sequences. There is little CDR3␤ sequence redundancy between organs or individual mice, and, surprisingly, there also is no evidence for organ-specific CDR3␤ sequence motifs. These data argue against a T cell receptormediated self-reactivity for tissue-specific CD1d-bound ligands. Each NKT clone is represented by only 5-10 cells. This clone size is similar to naive conventional T cells, and much lower than that reported for memory T cells, although NK T cells have an activated͞ memory phenotype.
N
atural killer (NK) T cells are a distinct subset of mature lymphocytes that coexpress NK receptors and T cell receptors (TcRs; refs. 1-6). Two major subsets of NK T cells have been identified. CD1d-independent NK T cells can develop in the absence of CD1d (7), a nonclassical class I antigen-presenting molecule that presents lipid antigens. In the mouse, these CD1d-independent NK T cells are mainly double negative (DN) and CD8 ϩ , they have a diverse TcR repertoire (5, 7, 8) , and, although some of them express a naive phenotype, they also include some conventional MHC class I-restricted memory CD8 ϩ cells (9) . By contrast, most CD1d-dependent NK T cells in the mouse express a semiinvariant TcR composed of a V␣14-J␣18 rearrangement that preferentially associates with either V␤8, V␤7, or V␤2 (1, (10) (11) (12) (13) . These cells are almost uniformly reactive to the marine sponge-derived glycolipid ␣-galactosylceramide (␣-GalCer; refs. 14 and 15). CD1d-restricted NK T cells differ from CD1d-independent NK T cells in that they express a memory or activated phenotype (CD62L Ϫ CD69 ϩ CD44 ϩ ; refs. 5 and 7) and they are either CD4 ϩ or CD4͞CD8 DN cells. Additionally, there are some CD1d-dependent cells with diverse TcRs that lack ␣-GalCer reactivity, and some of these T lymphocytes also are NK1.1 ϩ (16) (17) (18) (19) . To distinguish between these two populations of CD1d-dependent cells, we refer in this paper to ␣-GalCer-reactive cells as NK T cells, a population that is synonymous, or nearly so, with the V␣14-J␣18 NK T cells.
Until recently, the lack of specific markers capable of readily discriminating between the different NK T cell populations greatly complicated their study. To circumvent this problem, we and others have recently produced tetramers of CD1d molecules loaded with ␣-GalCer (20, 21) . Analysis of lymphocyte populations with these tetramers confirms that more than 80% of the NK T cells in the thymus and liver are ␣-GalCer reactive and V␣14-J␣18 expressing T cells. By contrast, in the spleen and bone marrow, only Ϸ50% of the NK T cells are ␣-GalCer reactive (20, 21) .
Relatively little is known about the structural interactions between the TcR and the ␣-GalCer͞CD1d complex. The murine NK T TcR requires the ␣-anomeric linkage of the sugar to the hydrophobic lipid tails, the equatorial orientation of the 2Ј-OH group of the sugar, and the presence of a 3Ј-OH on the sphingosine base (14, 22) . Therefore, like the TcR of conventional T cells, the TcRs of CD1d-restricted NK T cells show a high degree of specificity for antigen.
The development of ␣-GalCer͞CD1d tetramers enables us to provide a complete and quantitative clonal description of the major NK T cell population based on antigen specificity. Therefore, this approach offers a unique opportunity to characterize the diversity of TcRs capable of recognizing a defined glycolipid antigen. Our goals in this report were to use these newly developed CD1d tetramers to address three issues. First, we wished to investigate the functional role of the ␤ chain in the recognition of ␣-GalCer. Second, because previous results suggested that V␣14 ϩ CD1d-restricted NK T cells exhibit an organ-specific pattern of reactivity for a presumed autologous self-ligand (23, 24) , we wished to examine whether these T lymphocytes exhibited organ-specific patterns of complementarity determining region (CDR) 3␤ sequences. Third, because NK T cells have an activated͞memory phenotype, we wished to determine whether particular clones, identified by signature CDR3␤ sequences, had undergone extensive clonal expansion. In each case, the data reveal novel properties of NK T cells that distinguish them from conventional T lymphocytes.
Materials and Methods
Mice. C57BL͞6, C57L͞J, and C57BR͞J mice were purchased from The Jackson Laboratory. All mice were maintained at the La Jolla Institute for Allergy and Immunology vivarium. Mice of both sexes were used between 7 to 11 weeks of age. NK T transgenic mice, expressing a rearranged V␣14 TcR with the canonical sequence and the V␤8.2 TcR from the H-Y peptide (Smcy-encoded)͞D b -specific TcR were characterized previously (25) . For experiments with primed animals, mice were injected Abbreviations: DN, double negative; NK, natural killer; CDR, complementarity determining region; ␣-GalCer, ␣-galactosyl ceramide; TcR, T cell receptor; PE, phycoerythrin; APC, allophycocyanin; MLE, maximum likelihood estimate. ‡ J.L.M. and L.G. contributed equally to this work. ¶ To whom reprint requests should be addressed. E-mail: mitch@liai.org.
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i.v. with 4 g of ␣-GalCer or an equivalent volume of vehicle and analyzed at the times indicated.
Flow Cytometry. The following mAb conjugates were used in this study: FITC, phycoerythrin (PE)-, or Tricolor-labeled antiTcR␤ clone H57-597, FITC-labeled anti-V␤8.1͞8.2 clone MR5-2, FITC-labeled anti-V␤7 clone TR310, FITC-labeled anti-V␤2 clone B20.6, FITC-labeled anti-V␤12 clone MR11-1, Tricolor-labeled anti-CD4 clone GK1.5, allophycocyanin (APC)-labeled anti-CD8␣ clone 53-6.7, FITC-labeled rat antimouse IL-4, and FITC-labeled Rat anti-mouse IFN-␥. All mAbs were purchased from PharMingen. PE-labeled ␣-GalCer͞CD1d tetramer was prepared as previously described (20) . Intracellular stainings were performed by using the Cytofix͞Cytoperm Plus kit (PharMingen) following the manufacturer's protocol.
FACS Sorting. Before FACS sorting, splenocytes and thymocytes were enriched for tetramer ϩ cells by using anti-PE microbeads (Miltenyi Biotec, Auburn, CA) as previously described (20) . MACS-enriched ␣-GalCer͞CD1d-reactive T cells were then stained with PE-labeled ␣-GalCer͞CD1d tetramer and FITClabeled anti-TcR␤ mAbs and purified by cell sorting with a FACStar flow cytometer (Becton Dickinson). Purity of the sorted populations was Ͼ98%. The number of lymphocytes sorted ranged from between 1.25 and 2.5 ϫ 10 5 cells. After sorting, the cells were suspended in Trizol reagent (Life Technologies, Grand Island, NY), and total RNA was extracted following the manufacturer's protocol.
V␤ Repertoire Analysis. The CDR3 spectratyping method has been described elsewhere (26) , and the oligonucleotides used to analyze the V␤ and V␣ repertoires have been described previously (27, 28) . Each V-C PCR product was used as a template for extension or run-off reactions with oligonucleotides labeled with fluorescent tag. The fluorescent run-off products generated varied in size depending on CDR3 length. Run-off products were subjected to capillary electrophoresis in an automated DNA sequencer (Applied Biosystems), and CDR3 size distribution and signal intensities were analyzed with GENESCAN software (Perkin-Elmer).
Sequencing. The cloning and sequencing methods have been described elsewhere (29) . Briefly, V␤-C␤ PCR products were purified by gel electrophoresis and were directly cloned in pCR4 TOPO TA vector (Invitrogen). Sequencing reactions were carried out directly on PCR product generated from LacZ Ϫ colonies by using M13 (-20) primer and with the ABI PRISM Big Dye Terminator Cycle Sequencing ready Reaction Kit (Applied Biosystems). CDR3 region sequences were extracted and analyzed by using software designed for this purpose.
Results

CD1d-Restricted NK T Cells Are Present in Mice That Lack the V␤8 Gene
Segment. We compared the frequencies of ␣-GalCer͞CD1d tetramer-reactive T cells in the liver, the spleen, and the thymus of C57BL͞6, C57L͞J, and C57BR͞J mice. The proportion of ␣-GalCer͞CD1d-reactive T cells in the different organs of C57BL͞6 mice was similar to that reported previously (20) . V␤ a haplotype C57L͞J and C57BR͞J mice have a deletion in the central portion of the TcR␤ locus that includes the germ line V␤8.2 segment (30), which is the one most commonly used by NK T cells (1, 2, 4) . These mice retain tetramer-binding T cells, however, in thymus, liver, and spleen (data not shown). V␤6, V␤10, and V␤14 are not highly represented among the ␣-GalCer-reactive T cells in C57BL͞6 mice. These V␤ segments are not deleted in V␤ a haplotype mice, but their frequency did not increase markedly among the tetramer-binding lymphocytes from C57BR͞J mice ( Table 1 ). In fact, V␤7 and V␤2 together comprise Ϸ95% of the tetramer ϩ cells in the thymus and liver of these mice. Therefore, in the absence of V␤8, the use of V␤ segments other than V␤7 and V␤2 by ␣-GalCer-reactive NK T cells does not increase.
C57BR͞J mice were injected with ␣-GalCer and analyzed 2 h later. Mononuclear liver cells were then surface stained with ␣-GalCer͞CD1d tetramers, and intracellularly with anti-IL-4 or anti-IFN-␥ antibodies. Two hours after injection, all tetramer ϩ liver cells derived from V␤ a mice responded to ␣-GalCer by producing IL-4 and IFN-␥ (Fig. 1A) . Eighteen hours after the injection, no ␣-GalCer͞CD1d-reactive T cells could be detected in the liver of C57BR͞J mice (Fig. 1B) , as we previously reported for C57BL͞6 mice (20) . These results demonstrate that the response to ␣-GalCer injection, namely rapid cytokine production followed by disappearance of the cells, is not altered by the absence of V␤8 ϩ NK T cells.
CD1d-Restricted NK T Cells Use Polyclonal V␤ Rearrangements. We used fragment length analysis of the CDR3␤ regions to examine in greater detail the V␤ repertoire of ␣-GalCer͞CD1d-reactive T cells. These lymphocytes were purified based on CD1d tetramer reactivity, and PCR was carried out on cDNA from these cells to amplify the rearranged V␤8.1, V␤8.2, V␤7, V␤2, and V␤10 gene segments. Amplifications were also carried out with a C␣ primer and either a V␣14 or a control V␣2 primer. The single 10-aa peak with V␣14, combined with the weak V␣2 signal, confirmed the strong enrichment obtained for cells with the canonical V␣14 rearrangement by the tetramer-based enrichment (Fig. 2B) . TcR ␤ chain diversity was assessed by run-off reactions with an oligonucleotide that hybridizes with the C␤ gene. The profile for each V␤-C␤ combination yielded a typical bell-shaped distribution of the CDR3 lengths resolved in six to eight distinct peaks (Fig. 2 A) , similar to the pattern reported for polyclonal, naive T splenocytes (26, 31) . Identical polyclonal patterns were obtained when each of the 12 J␤-specific primers was used instead of C␤ for the run off reactions (Fig. 3) , demonstrating the usage of all J␤ segments, as well as the absence of any bias in CDR3 length.
Altogether, these results suggest that the TcR V␤ repertoire of ␣-GalCer͞CD1d-reactive T cells is restricted primarily by the V␤ segment used (V␤8͞7͞2). The data further suggest that many rearrangements derived from these V␤s can encode a TcR specific for ␣-GalCer presented by CD1d, as long as the invariant V␣14 rearrangement is present. To test this hypothesis further, we used the ␣-GalCer͞CD1d tetramers to analyze mice transgenic for a rearranged V␤8.2 gene that was not derived from an ␣-GalCer-reactive T cell. We chose the well-studied V␤8.2-D␤2-J␤2.3 rearrangement, which when associated with a V␣3 rearrangement, recognizes an Smcy-encoded male-derived peptide (H-Y) presented by D b (25) . Strikingly, we identified a substantial population of ␣-GalCer͞CD1d-reactive T cells in the V␤8.2 transgenic animals (Fig. 4 and data not shown) , emphasizing the lack of stringent selection for CDR3␤ sequences in the TcRs of the NK T cells.
␣-GalCer-Reactive T Cells Have a Small Clone Size. Nucleotide sequence analysis of the CDR3␤ regions of tetramer binding T lymphocytes was carried out to determine whether ␣-GalCerreactive T cells exhibit selection for particular CDR3 sequence motifs, and whether identical clones are found in different organs. To do this, PCR was carried out on cDNA from sorted tetramer ϩ cells by using primers specific for V␤7 and J␤1.2. These segments were selected because they are less frequently used than many others, with V␤7 representing Ϸ10-17% of the total for NK T cell V␤s (Table 1 ) and J␤1.2 estimated to be used Ϸ6% of the time (32) . By selecting a V-J combination that accounts for only 1-2% of the total pool of ␣-GalCer-reactive T cells, we intended to reduce the number of sequences that would have to be carried out to obtain a representative picture of the total repertoire. Sequencing of this rearrangement was performed on samples from two individual mice and revealed the expected polyclonal population (Table 2 and data not shown). For example, of the 97 sequences done on tetramer ϩ cells extracted from the thymus of mouse 1, 66 of them were unique clones of varying CDR3 length found only once in the pool. The remaining 31 sequences were redundant, usually having been found either two or three times. This pool of 31 redundant sequences contains 14 distinct sequences. Similar results were The stringency of the sort for tetramer ϩ cells was confirmed by analysis of the V␣ chain usage. V␣-C␣ PCR amplifications were performed with primers for V␣14 and primers for V␣2, a negative control for V␣ regions typically not expressed by ␣-GalCer reactive T cells. Two independent sorting experiments were performed, and each gave similar results. reproducibly obtained when the liver and spleen of two individuals mice were analyzed ( Table 2) .
Based on the extent of redundancy in the sequences found, a likely number of distinct sequences present in the sample can be estimated. This calculation is defined as the maximum likelihood estimate (MLE; refs. 29 and 33) . The MLE shown in Table 2 represents the likely number of distinct V␤7-J␤1.2 sequences in the samples, with a 95% confidence. For example, it is estimated that Ϸ480 distinct V␤7-J␤1.2 sequences would have been found in the liver of mouse 1, had the sequencing been done exhaustively. One can estimate the size of the entire V␤ repertoire for all tetramer , so the size of the average clone would be Ϸ8 cells. For the thymus and liver, the calculated clone sizes were similar and reproducible (Table 2) .
␣-GalCer-Reactive T Cells Do Not Exhibit Organ-Specific CD3R␤ Sequence Motifs. There was little overlap in CDR3␤ sequences when tetramer ϩ cells from different organs were compared. Although at least 85 V␤7-J␤1.2 sequences were obtained in each case, there were no common sequences found in the thymus and liver, only 4 common sequences between the liver and spleen, and 6 between the thymus and spleen of mouse 1. Similar results were obtained when the sequences derived from another individual mouse were analyzed (data not shown). Likewise, the V␤7-J␤1.2 sequences derived from the NK T cells found in the different organs of distinct animals were mostly nonoverlapping (Fig. 5) .
Despite this relative lack of overlap of common sequences between organs and mice, it was not possible to identify selection for particular sequences in any of the organs analyzed. For example, considering the V␤7-J␤1.2 CDR3␤ sequences that are 9 aa in length, the same consensus sequence was identified in the thymus (SLGGANSDY), liver, and spleen in both individual mice analyzed ( Table 2 ). The criterion for selecting the consensus was Ͼ20% representation, because it was not possible to assign consensus amino acids for most positions with more stringent criteria. (20, 21) , and there is increasing evidence suggesting that these lymphocytes have important immune regulatory functions (34) (35) (36) (37) (38) (39) (40) (41) . It is clear from previous studies that nearly all of these cells have an invariant V␣14-J␣18 TcR␣ chain, although their ␤ chains are somewhat more diverse (1, (10) (11) (12) . We purified these cells based on their binding to the newly developed ␣-GalCer͞CD1d tetramers. The TcR␤ gene rearrangements contained in these cells provide a marker for individual clones among the tetramer binding lymphocytes. By analyzing these rearrangements in cells analyzed ex vivo without any further manipulation, we have gained important insights into the diversity, specificity, and distribution of NK T cell clones with a well defined specificity. Furthermore, because the tetramers detect the majority of the NK T cells in the mouse, it is reasonable to infer that the rules governing the selection of TcRs responsive to this marine sponge-derived lipid also may apply to the natural ligand driving the expansion of these cells.
Discussion
␣-GalCer-reactive T cells constitute the majority of NK T cells in the mouse
In agreement with previous reports that used the NK1.1 marker (12, 35), we find evidence for strong selection for the use of a few V␤ segments in ␣-GalCer-reactive T cells. In the absence of a germ line V␤8 segment, most of the tetramer binding cells are either V␤2 ϩ or V␤7 ϩ , and there is no evidence for the proportional increase in other V␤ segments. In the absence of pairing constraints between specific V␤ chains and the canonical V␣14 rearrangement (35), the selection for V␤8, -7, and -2 is likely due to interactions involving the germ line-encoded CDR1 and CDR2 regions within these V␤ segments, providing an increased probability of specificity for CD1d and particular lipids such as ␣-GalCer. With regard to ␣-GalCer responsiveness, however, we detect no difference in cells that do not express V␤8. By contrast to this strong V␤ segment selection, the results from CDR3 length analysis and nucleotide sequencing clearly indicate that there is little or no selection for particular CDR3␤ regions. Consistent with this, a rearranged V␤8.2 transgene derived from a conventional CD8 ϩ peptide-reactive T cell clone could drive the differen- tiation of a normal number of ␣-GalCer-reactive T cells. Additionally, whereas N regions are prevalent in the TcR␤ rearrangements of NK T cells, perhaps ref lecting their origin relatively late in ontogeny (3, (42) (43) (44) , a normal ␣-GalCerreactive T lymphocyte population could be generated in mice lacking TdT (data not shown).
The role of the CDR3␤ in NK T cell specificity had previously been controversial. The conclusions reached here do not agree with those in two earlier analyses of ␣-GalCer-reactive T cells, which reported the selection for charged and acidic CDR3␤ amino acids (45, 46) . This observation of selection for amino acids could have resulted from the sampling of relatively small lymphocyte populations in the earlier reports and to other selective events due to the cell culture or cell fusion required to obtain the T cells that were previously analyzed. An analysis of short-term cultured V␣24͞V␤11 DN clones from the blood of healthy human donors found repeated CDR3␤ sequences (47) . Therefore, it remains possible that ␣-GalCer-reactive NK T cells in humans represent relatively few clones that have undergone significant expansion. On the other hand, the results here are in agreement with those from recent TcR sequence analyses (48, 49) . In these reports, however, either DN or CD4 ϩ cells selected for NK1.1 ϩ and TcR␤ expression were analyzed. Some ␣-GalCer-reactive T cells do not express NK1.1, however, and the correlation between NK1.1, TcR␤ expression, and ␣-GalCer reactivity varies significantly in different organs. Therefore, it was not possible to correlate directly the diverse CDR3␤ sequences with ␣-GalCer͞CD1d specificity in these earlier studies.
A number of peptide-specific T cell responses by conventional T cells show strong selection for CDR3␤ amino acids (26, (50) (51) (52) (53) . The strong selection for CDR3␣ sequences in the ␣-GalCer-reactive T cells, combined with the lack of selection for CDR3␤, suggests that the TcR of NK T cells has a distinct mode of interaction with the complex of antigen bound to CD1 on the antigen-presenting molecule. This mode may not be entirely unique to this sublineage, however, because the crystal structure of the 2C TcR shows a strong involvement of CDR3␣ in peptide͞MHC class I recognition, with little involvement for CDR3␤ amino acids (54, 55) . Interestingly, the 2C TcR also contains a V␤8.2 segment.
The results from sequencing the TcR␤ regions demonstrate very little overlap in the ␣-GalCer-reactive T cell clones found in the thymus, spleen, and liver, but at the same time, no evidence for any organ-specific selection for V␤8.2, V␤7, or V␤2, or for particular CDR3␤ sequence motifs. Whereas sequence analysis has been carried out for V␤7-J␤1.2 rearrangements only, the results from the J␤ run off reactions, demonstrating Gaussian distributions and more than 70-80 visible peaks with the different J␤ primers, strongly suggest that this conclusion can be generalized to other V␤-J␤ combinations. Previously, it had been suggested that V␣14 ϩ NK T cells in different organs might be preferentially reactive with autologous CD1d-bound ligands found in those organs, such that splenic NK T cells would respond preferentially to splenic APCs, and thymic NK T cells would prefer APC from the thymus (23, 24) . This conclusion was based on the analysis of V␣14 ϩ NK T cell hybridomas, some of which show autoreactivity for CD1d ϩ APCs in the absence of ␣-GalCer. Because the only differences in the TcRs of these cells are in CDR3␤, we consider it unlikely that these preferential responses reflect TcR specificity. More likely, they result from the differential expression of accessory molecules on either the T cells and͞or the antigen-presenting cells. Consistent with this possibility, we have found that the CD1d autoreactivity of different cultures or subclones of a V␤8.2͞V␣14 ϩ hybridoma can vary greatly despite maintenance of equivalent TcR levels (unpublished observations), providing evidence that molecules besides the TcR might contribute to CD1d autoreactivity of NK T hybridomas.
The estimated clone size for the ␣-GalCer-reactive T cells is Ϸ5-10 cells. This size is comparable to what has been observed for conventional, naive T cells (29, 56) , but much smaller than that for memory T cells (57) . Work done in peptide antigen responses has led to the estimate that a given naive clone consisting of 30 cells will divide Ϸ10 times on responding to antigen, expanding to 3 ϫ 10 4 lymphocytes (58). An estimated 5% will survive and become long-term memory cells, leading to a clonal population of 1.5 ϫ 10 3 cells (59, 60) . The small clone size of the ␣-GalCer-reactive T cells is surprising, given that they closely resemble memory͞activated T lymphocytes with regard to both their cell surface phenotype and their ability to rapidly secrete cytokines. It remains possible, however, that ␣-GalCer-reactive NK T cells are not truly antigen experienced, despite their phenotype. Alternatively, in mice, cells with different CDR3␤ regions may be undergoing equivalent stimulation, with their clonal expansion limited by factors that define and limit the NK T cell niche. The immune response of conventional T cells to peptide antigens is usually composed of very few clones that expand greatly to complete their effector functions (58, 59, 61) . In sharp contrast, and perhaps because of a requirement for an end-stage effector function (62, 63) , the ␣-GalCer͞CD1d-reactive T cell population is maintained at stable levels by the presence of a large number of different clones with the same specificity, capable of responding quickly without significant expansion.
